Recent studies compared the age effects and birth cohort effects on female invasive breast cancer (FIBC) incidence in Asian populations with those in the US white population. They were based on age-period-cohort model extrapolation and estimated annual percentage change (EAPC) in the age-standardized incidence rates (ASR). It is of interest to examine these results based on cohortspecific annual percentage change in rate (APCR) by age and without ageperiod-cohort model extrapolation. FIBC data (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) were obtained from the Taiwan Cancer Registry and the U.S. SEER 9 registries. APCR based on smoothed Lexis diagrams were constructed to study the age, period, and cohort effects on FIBC incidence.
Introduction
Breast cancer incidence rate is rapidly increasing. It is the most frequently diagnosed cancer in Asian countries and the second leading cause of cancer death among Asian women [1, 2] . Previous studies indicated that female invasive breast cancer (FIBC) in Asian women was characterized by an early age at onset and its age-specific incidence rate had a peak before age 50. This is in contrast to FIBC in Western countries, where the age-specific incidence rate increases continuously with age [1] [2] [3] [4] [5] [6] . Explanations for these phenomena include calendar-period effects or birth cohort effects [7] [8] [9] [10] , and age-specific etiology [3, [11] [12] [13] [14] . In fact, some have proposed that FIBC in Asia might be a disease etiologically different from that in Western countries [5, 12, 15] .
ORIGINAL RESEARCH
Comparison of annual percentage change in breast cancer incidence rate between Taiwan and the United States-A smoothed Lexis diagram approach Sung et al. (2015) reported that the longitudinal agespecific incidence rates of FIBC in certain Asian populations appear to be proportional to those in the United States, and the incidence rates in recent cohorts in Asian countries are converging or even surpassing the historically high US rates [16] . The authors noted that the major limitation of their study was that the longitudinal agespecific rates were extrapolated using age-period-cohort models [16, 17] . They also noted the needs to quantify the proportion of incidence rate increases in Asian countries that are attributable to period and screening effects versus birth cohort effects. Sung et al. (2016) studied birth cohort effects on FIBC among younger (30-49 years) and older (50-79 years) Chinese populations and US non-Hispanic white women. They reported that cohort-specific rates increased in every Chinese population, and that incidence rate rose more rapidly among older than younger women. Their results are based on age-period-cohort model and estimated annual percentage change (EAPC) in the age-standardized incidence rates (ASR).
Recently, we reported that age-specific FIBC incidence rates in Taiwan increased monotonically with age in the period 1988-2007 for every birth cohort younger than 1928; for the older birth cohorts, the rates increased initially and sometimes reached a peak before decreasing; if occurring, the peak was around 80 years of age (see Fig.  3A in Ref. [18] ). Compared with standard approaches, our method based on a smoothed Lexis diagram is more revealing, requires minimum model assumption, and no extrapolation, and performs better in terms of estimation error [18] .
The main objectives of this study were to use the smoothed Lexis diagram approach to compare the age, cohort, and period effects on the incidence of FIBC in Taiwan and those in the United States without imposing model assumptions. In particular, we examined age-specific incidence by cohort, cohort-specific incidence by age at diagnosis, cohort-specific annual percentage change in rates (APCR) by age at diagnosis, period-specific APCR by age at diagnosis, and age-specific rates by year of diagnosis.
Average annual percentage change in disease rates is useful in the comparison of changes in disease rates and is widely used in cancer surveillance [19] [20] [21] . Tarone and Chu used age-specific biannual percentage change in rates to test the null hypothesis that there are no cohort effects on breast cancer mortality [22] . Our approach goes further by directly measuring the effect size of age-and cohortspecific APCR and providing graphical presentations, which is the strength of the smoothed Lexis diagram [23] [24] [25] . It was hoped that we could gain more insights into the proportion of the incidence rate increases that are attributable to period effects versus cohort effects.
Methods

Study population
In this study, we considered women diagnosed with invasive breast cancer (ICD-9-CM-codes:174.0-174. 9 [26, 27] .
We also obtained FIBC incidence data for non-Hispanic white women in the United States from SEER 9 Research Data. The SEER 9 registries include Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San FranciscoOakland, Seattle-Puget Sound, and Utah. All SEER registries are obliged to meet the Gold Standard Registry Certification from the North American Association of Central Cancer Registries, Inc., for completeness, accuracy, and timeliness of data [28] . The SEER 9 registries represent approximately 10% of the US population. The case ascertainment is estimated to be 98% [29] .
For a more reliable comparison, we followed the same criteria in selecting study subjects from the TCR and SEER 9, namely, cases diagnosed between 1991 and 2010 and with an age at diagnosis between 30 and 84. In total, there were 98,489 newly diagnosed patients in the TCR and 287,472 in SEER 9. Based on the TCR and Taiwan population data, we constructed, respectively, the 1-year tabulated incidence table, providing the number of newly diagnosed FIBC cases for each calendar year and each age group and the 1-year tabulated demography table, providing the number of women not having been diagnosed with FIBC for each age group in each calendar year. Taiwan FIBC table was done onsite in the Data Science Center, Ministry of Health and Welfare, Taiwan. We constructed similar incidence and demography tables for the United States based on SEER 9. This study was approved by the institutional review board of the National Health Research Institutes, Taiwan.
Smoothed Lexis diagram
Given a population and a specific cancer, the standard Lexis diagram reports the incidence rate of a disease in terms of the number of new cases per 100,000
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person-years for each age group and each group of calendar year of diagnosis. To make the data less volatile, Lexis diagrams with 5-year intervals for age group and 5-year intervals for calendar year of diagnosis are often considered. One important use of standard Lexis diagrams is to describe the effects of age, period, and cohort on incidence rates in terms of the classical graphical displays. The most frequently reported graphic displays include (1) age-specific rates by year of diagnosis (rates vs. age, observations within each period connected, i.e., cross-sectional age-specific rates); (2) age-specific rates by year of birth (rates vs. age, observations within each birth cohort connected, i.e., longitudinal age-specific rates); (3) year-specific rates by age of diagnosis (rates vs. period, observations within each age-class connected); (4) cohort-specific rates by age of diagnosis (rates vs. cohort, observations within each age-class connected) [25] .
The usefulness of these plots are well-known. For example, because different birth cohort may reflect different risk factor exposure, the effect of age on disease incidence can be best studied by considering the incidence for each birth cohort separately, motivating the study of age-specific rates by year of birth. Since age is an important risk factor for cancer, comparing incidence rate for people of the same age but from different birth cohort is a useful way to assess changes in disease burden. It is well-known that these graphic displays based on standard Lexis diagram, involving a simple smoothing approach, suffer from a significant limitation; important details may be lost in the averaging process involved in generating a summary rate, and these details may be useful in understanding time trends in disease [23] .
To overcome this drawback, we proposed smoothed Lexis diagram, which is a smooth function F(x, y) that reports the probability that an individual will be newly diagnosed with this cancer at age x in calendar year y in this population. It was shown by simulation studies that smoothed Lexis diagram performs better than standard ones in terms of estimation error [18] . With proper transformation, both x and y are equal-spaced fraction numbers in Once a smoothed Lexis diagram is obtained, we follow the tradition to present graphically the effects of age, period, and cohort on incidence rates and their 95% credible set. Since these graphs are smooth, they are more revealing in the recognition of patterns. Readers interested in the detail of the construction of the incidence function can referr to the Data S1 or our earlier report [18] .
APCR of incidence rates
To further take advantage of smoothed Lexis diagram in this study, we introduce the APCR for people diagnosed with the disease at aged x in period y, denoted by APCR(x, y) and defined as Namely, APCR(x, y) reports, for each age group, the relative increment of incidence from one calendar year to the next. Based on the APCR matrix, we can consider their "classical" plots, such as the cohort-specific APCR by age x, which is the mapping from c to APCR(x, c + x). Here, c denotes a birth cohort.
Detecting cohort effects by APCR
By its definition, APCR(x,y) describes a joint effect of the calendar-period (changes in case ascertainment and/or screening for all age groups at the year y) and effect of the birth cohort (changes in risk factors between birth cohorts y − x and y + 1 − x during their life up to age x). The set {APCR(0,y), APCR(1/55,y),…, APCR(1,y)} was used to explore the relative contribution of period and cohort effects. Roughly speaking, larger variance of this set suggests a larger cohort effect, because period effect does not change with age. If both APCR and cohort effect are positive, then period effect is less than the minimum of the above set. To avoid possible instability of data near boundary, we study period and cohort effects for age between 34 and 80.
Relationship between cohort-specific rates and APCRs
Suppose that the cohort-specific rate by age is unimodal for certain age with its highest rate happening at the birth cohort B. Then differential calculus implies that the cohort-specific APCR by this age has a value of 0 at the birth cohort B and is decreasing before the birth cohort B. Thus, it is beneficial to monitor whether any cohort-specific APCR by age is decreasing for early detection of the trend. Only when the cohort-specific APCR by any age at diagnosis starts to decrease can we expect a future decrease in incidence rates. This point is illustrated in the Figures 2 and 3 on US incidence.
Results
Age-specific rates by cohort Figure 1 reports age-specific rates by birth year, which describes how incidence rate changes with age for each
Figure 1 also shows that for each birth cohort, FIBC incidence rates in Taiwan were lower than those in the United States, but the differences decreased as the birth year increased with the youngest women having the smallest difference, as was also reported previously [16] . Table 1 lists the cohort-specific incidence rate increments in the period 1991-2010 and shows that the differences between these increments in Taiwan and In Taiwan, for any age at diagnosis, recent birth cohorts always had higher rates than earlier cohorts (Fig. 1A) ; the difference was large, suggesting that there were either cohort effects, period effects, or both. In contrast, in the United States, the difference in age-specific rates between cohorts was small or negligible for people diagnosed at a younger age and was large only for older people in earlier cohorts; when the difference was not negligible, it was the later birth cohorts that had lower incidence rates (Fig. 1B) .
Cohort-specific incidence rate by age
Given an age at diagnosis, for the Taiwanese population, the incidence rates increased as the birth year increased ( Fig. 2A) , whereas US incidence rates first increased and then decreased as the birth year increased if the age at diagnosis was older (Fig. 2B) , with the largest decrease appearing among the patients with the oldest age at diagnosis. These patterns can be seen more clearly in Table 2 , which reports the age-specific total rate increment in the period 1991-2010 for Taiwan and the United States. It is evident that in Taiwan the largest increment appeared for patients diagnosed around 64 years of age. This variation in total rate increment between different age groups might be associated with the free breast cancer screening for women aged 45- Cohort-specific APCR by age Figure 3 depicts cohort-specific APCR by age for Taiwan and the United States. Although the APCR monotonically decreased as birth year increased for almost every specified age-at-diagnosis group in both Taiwan and the United States, the APCR in Taiwan remained positive and large, in contrast to that for the United States, where the APCR was small and became negative in later years. This trend is consistent with the observation that in the United States, birth cohort-specific incidence rates peaked and started to decrease. In Taiwan, birth cohort-specific incidence rates monotonically increased with birth year for each age-at-diagnosis group ( Fig. 2A) , whereas the APCR for any age-at-diagnosis group decreased with birth year. Thus, in the future, the APCR may become negative, with its incidence rates reaching a peak and then starting to decrease.
Period-specific APCR by age and cohort effects
Fixing a calendar-period y larger than 1995, we find from Figure 4A that the APCR increased considerably with age in Taiwan. Thus, the joint cohort and period effects at any age was larger than that at age 34, APCR (34,y). Since it is reasonable to assume that both period and cohort effects were non-negative [10] , we know that period effect was bounded above by APCR (34,y) for each year. Figure 4B shows that in the United States, the joint period and cohort effects were small, compared with those in Taiwan, and became negative in recent years. The above observation suggests the following assessment of the proportion of APCR that can be attributed to cohort effect.
For each year of diagnosis, the minimum (MIN), the maximum (MAX), the sample mean (SM), and the sample standard deviation (SSD) of the set of the posterior means of the APCR for each cohort in Taiwan are presented in a row of Table 3 . Given a row in Table 3 , the age that MIN happened, the age that MAX happened, the ratio of MIN to MAX (RATIO-1), the ratio of MIN to SM (RATIO-2) are also included in the same row. SM and SSD are presented for the United States. No ratio was reported for the United States, because they may be negative.
The following remarks are relevant for Taiwan. MINs in Tables 3(a) Age-specific rates by year of diagnosis Figure 5 reports age-specific incidence by year of diagnosis in Taiwan and the US. These figures are in line with the observation that the shape of age-specific curve is associated with the incidence rate, so called Clememsen's hook [30] .
More plots can be found in Figs. S1-S7.
Discussion
Our findings indicate that (1) for any given birth cohort, the pattern of age-specific incidence of FIBC in Taiwan and that in the United States were similar (Fig. 1) ; (2) for a given age at diagnosis, cohort-specific incidence of FIBC in Taiwan increased monotonically and that in the United States eventually decreased, especially for older cohorts (Fig. 2) ; (3) given an age at diagnosis, cohortspecific APCR decreased in both Taiwan and the United States, except for the oldest age groups in Taiwan, although APCRs in Taiwan were always positive and large, compared with those in the United States, which became negative in recent years (Fig. 3) ; (4) for any specified year of diagnosis after 1995, the APCR in Taiwan decreased considerably with birth year and those in the United States had values near 0 and showed only a slight increase; the proportion of the APCRs attributable to cohort effect were substantial in Taiwan (Fig. 4 and Table 3 ); and (5) in the period 1991-2010, differences in incidence rates and in their increments between Taiwan and the United States became smaller and were smallest among the youngest cohorts (Fig. 1, Table 1 ). All these results were obtained without age-period-cohort model extrapolation and were more informative, compared with Sung et al. (2015, 2016) . In particular, comparison of FIBC incidence between Taiwan and the US in terms of cohort-specific APCR is informative and new; results regarding the proportion of the rate increase that were attributable to cohort versus period effects are also new.
These observations suggest that despite very different period and cohort effects, age exerts its impact on FIBC incidence similarly and independently in Taiwan and in the United States. In particular, for every birth cohort, age-specific rates did not reach a peak before 75 years of age.
Items 2 and 5 suggest that the FIBC incidence rate in Taiwan has increased rapidly and is likely to continue to do so, which is a public health concern. On the other hand, Items 3 and 4 suggest that this increase has slowed in recent years in view of the decrease in APCR.
Because the data quality of the TCR improved substantially and the completeness of the TCR was approaching optimal, as described in Methods, it is reasonable to assume that period effects did contribute to incidence rate increase and that the APCR due to period effects was decreasing relative to year of diagnosis in the recent past. Thus, in 2009, the proportion of rate increase due to cohort effect is likely to be much higher than 53.64% for the 1929 cohort reported in Table 3 (a). This assumption is in line with the decrease in the columns MIN, RATIO-1, and RATIO-2 in Table 3a and b since 1993. These results might be considered a first step toward quantifying the proportion of incidence rate increases in Asian countries that are attributable to period effects versus cohort effects.
Although the risk factors contributing to the increasing incidence of FIBC in Asia, including Taiwan, are not fully understood, they are thought to reflect the Westernization of lifestyle, including the consumption of calorie-dense food, physical inactivity, and obesity [31] [32] [33] , in addition to reproduction factors such as early menarche, late childbearing, fewer pregnancies, and use of menopausal hormone therapy, and increased FIBC detection through mammography [34] [35] [36] [37] [38] .
Since the 1960s, Taiwan has become increasingly industrialized [39] [40] [41] [42] . The Westernization of the citizens' lifestyle has been suggested as a plausible cause of the rapid increase in FIBC incidence rates in Taiwan [10, 43] . These cohort effects and the period effects mentioned above jointly help explain the increase in cohort-specific rates by age (Fig. 2) and the positivity of the APCRs (Figs. 3 and 4) .
With these understandings, we would like to know whether the decrease in cohort-specific APCR by age, shown in Figure 3 , reflect a weakening of the joint period and cohort effects brought about by the lifestyle Westernization in Taiwan. The weakening of the effect due to changes in case ascertainment seems clearly supported by the quality improvement in the TCR, as described above.
Our approach can be used to provide other information about period or cohort effects. For example, considering the MINs for period 2009 in Tables 3(a) and (b), we know that for the 1959 cohort, the proportion of APCR due to case ascertainment effect had an upper bound 0.683 (=0.0287/0.042); hence, that due to screening and cohort effects had a lower bound 0.317 (=1−0.683). 
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But it would be desirable if one could gain better understanding of screening effect by analyzing Taiwan National Screening Program data [44] .
As for the cohort effects, it is understandable that the effect of lifestyle Westernization may change with time and it is of interest to describe the effect change over time. In this regard, we would like to point out the possible contributions from various health promotion programs in the past three decades. For example, The John Tung Foundation, founded in 1984, have worked in three fields to promote health: tobacco control, mental health, and nutrition; Formosa Cancer Foundation, founded in 1997, have been systematically promoting healthy life style to reduce cancer incidence, among other things. In addition to various private foundations set up for promoting cancer prevention, Cancer Control Act was promulgated in 2003. A comparison of the Taiwan Nutrition and Health Surveys conducted in 1993-1996 with those in [2005] [2006] [2007] [2008] indicates that some positive dietary and behavioral changes have been observed, including a greater avoidance of products made from animal fats and oils and a concomitant increase in the use of vegetable oil; increased intakes of fruit and vegetables, soy products, fish, whole grains, and nuts and seeds; and reduced intakes of red meat, carbohydrates, and sodium-containing foods [45] . These changes seem to suggest that these health promotion programs are effective, although further studies are needed to establish more specific association between these positive dietary and behavioral changes and decreasing cohort-specific APCR by age.
The decrease of breast cancer incidence in the United States from 2000 has been considered a consequence of a reduction in the use of menopausal hormone therapy in view of the first report of the Women's Health Initiative, For each year of diagnosis, the minimum (MIN), the maximum (MAX), the sample mean (SM), and the sample standard deviation (SSD) of the set of the posterior means of the APCR for each cohort in Taiwan are presented in a row of Table 3 (a) and (b). Given a row in Table 3 (a) or (b), the age that MIN happened, the age that MAX happened, the ratio of MIN to MAX (RATIO-1), the ratio of MIN to SM (RATIO-2) are also included in the corresponding row. SM and SSD are presented for the United States. No ratio was reported for the United States, because they may be negative.
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while later studies provided more valuable information [46] [47] [48] [49] [50] [51] . Since there was also a reduction in the use of hormone replacement therapy among Taiwanese women aged 40 and older in the period 2001-2004, with the largest drop in 2003 [52, 53] , more research is warranted to investigate whether this reduction in hormone replacement therapy use contributed to the decline in APCR of FIBC in Taiwan. We note that being based solely on cancer registries and census data, we obtained all the results in this paper without using information about neither screening data nor hormone replacement therapy data.
The results based on SEER data (Figs. 2B and 3B) exemplified that the decrease in cohort-specific APCR by age preceded the decrease in cohort-specific incidence rates by age in the United States. Thus, cohort-specific APCR by age can be used as an early sign for detecting the effects of cancer prevention programs and should be monitored.
Although this paper and recent studies emphasize that age-specific rates by cohort in Asian are similar to those in the US, this paper also show that, based on Figure 5 , age-specific rates by year of diagnosis was monotonically increasing in the US for every year; those in Taiwan pick between age 55 and 60 and the age that picks increases with year of diagnosis, although slightly. The relation between the shape of age-specific rates by year of diagnosis and overall incidence rate, exhibited in Taiwan and the US, is in agreement with those observed in Iceland and other countries, which suggest that Clemmesen's hook is due to cohort effect [30] .
There are limitations on the results in this paper. Since the purpose of this paper was to compare the age effects and birth cohort effects on FIBC incidence in Taiwan with those in the US white population, our analyses were solely based on cancer registries and census data for the period 1991-2010 and the assumption that FIBC incidence rate varies smoothly on the age range and period range under study. When interpreting the findings, we mentioned some important events like the reduction in the use of menopausal hormone therapy in both Taiwan and the US and the 2003 promulgation of Cancer Control Act in Taiwan, among other things. In fact, the effects of these events on FIBC incidence deserve close investigation. For the effect of Cancer Control Act in Taiwan, for example, one possible approach is to consider and compare several smoothed Lexis diagrams that cover different ranges of years of diagnosis.
Based on this study, additional research is warranted to study the incidence and APCR trends of FIBC in other Asian countries using smoothed Lexis diagram, which may also be useful for the surveillance of other chronic diseases. Figure S1 . Cohort-specific rates by period (rates vs. year of birth, observations within each year of diagnosis are connected) and their 95% credible intervals. (A) Cohortspecific rates by period for Taiwan. (B) Cohort-specific rates by period for US SEER-9. Figure S2 . Period-specific rates by cohort (rates vs. year of diagnosis, observations within each birth cohort are connected) and their 95% credible intervals. (A) Periodspecific rates by cohort for Taiwan. (B) Period-specific rates by cohort for US SEER-9. Figure S3 . Period-specific rates by age at diagnosis (rates vs. year of diagnosis, observations within same age at diagnosis are connected) and their 95% credible intervals. (A) Period-specific rates by age at diagnosis for Taiwan. (B) Period-specific rates by age at diagnosis for US SEER-9. 
